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The vari a tions in the thresh old volt age shift in p-chan nel power VDMOSFET dur ing the
gamma ray ir ra di a tion was in ves ti gated in the dose range from 10 to 100 Gy. The in ves ti ga -
tions were per formed with out the gate bias and with 5 V gate bias. The de vices with 5 V gate
bias ex hibit a lin ear de pend ence be tween the thresh old volt age shift and the ra di a tion dose.
The den si ties of ra di a tion-in duced fixed and switch ing traps were de ter mined from the
sub-thresh old I-V char ac ter is tics us ing the midgap tech nique. It was shown that the cre ation
of fixed traps is dom i nant dur ing the ir ra di a tion. The pos si ble mech a nisms re spon si ble for the 
fixed and switch ing traps cre ation are also an a lyzed in this pa per.
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IN TRO DUC TION
The at ten tion of to day's re search on the im pact of 
ion iz ing ra di a tion on MOSFET is di rected in two
ways. The first one is the pro duc tion of MOSFET with
the high est pos si ble re sis tance to the ion iz ing ra di a tion 
(the ra di a tion hard ness), while the other is to ward the
ion iz ing ra di a tion sen sors and do sim e ters pro duc tion.
The ra di a tion sen si tive MOSFET can be used to es ti -
mate the ion iz ing ra di a tion ab sorbed dose by mea sur -
ing in the thresh old volt age (VT) [1, 2]. The p-chan nel
MOSFET, also known as the Ra di a tion Sen si tive Field 
Ef fect Tran sis tors (RADFET) or pMOS do sim e ters,
were used in many ap pli ca tion ar eas, such as the space
ra di a tion mea sure ments, high en ergy phys ics ex per i -
ments, ra dio ther apy and per sonal do sim e ter for mil i -
tary ap pli ca tions [3-6]. Us ing the RADFET for ra di a -
tion dose mea sure ments has cer tain pos i tive as pects,
such as the im me di ate and non-de struc tive read out,
the low power con sump tion, an easy cal i bra tion and a
rea son able sen si tiv ity and reproductability [7].
In re cent years, many in ves ti ga tions were driven
to ward the ap pli ca tion of low-cost com mer cial
p-chan nel  MOSFET  as a do sim e ter in ra dio ther apy
[8, 9]. The au thors of these pa pers con cluded that the
p-chan nel power MOSFET 3N163 and DMOS
BS250F, ZVP3306 and ZVP4525 would be an ex cel -
lent can di date for low-cost sys tems ca pa ble of mea sur -
ing the gamma and the elec tron beam dose.
A com par a tive study of the RADFET man u fac -
tured by Tyndal Na tional In sti tute, Cork, Ire land, with
the 100 nm gate ox ide layer thick ness and the com mer -
cial p-chan nel VDMOSFET IRF9520 sen si tiv ity to 
the gamma-ray ir ra di a tion in the dose range from 100
to 500 Gy is given in the pa per [10]. The re sults dem -
on strate a lin ear de pend ence be tween the thresh old
volt age shift DVT and the ra di a tion dose D for com po -
nents with 10 V gate bias dur ing the ir ra di a tion. The
ex per i men tal re sults of DVT = f (D) de pend ence for
com po nents ir ra di ated with out the gate bias can be
very well de scribed by the ex po nen tial func tion. It was 
also shown that the VDMOSFET sen si tiv ity is greater
than the RADFET sen si tiv ity for this dose in ter val.
The nu mer ous in ves ti ga tions have shown that
the ion iz ing ra di a tion leads to the cre ation of elec -
tron-hole pairs. A field-de pend ant frac tion of them es -
capes the ini tial re com bi na tion, lead ing to a fur ther
rapid elec tron move ment to ward the gate elec trode,
while the holes move slowly to ward the SiO2/Si in ter -
face. A part of these holes is trapped in the ox ide, lead -
ing to the ac cu mu la tion of pos i tive trapped charge,
whose trap ping rate de pends on the gate bias (the ap -
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plied field), the num ber of empty traps and their cap -
ture cross-sec tion [11-13]. The in ter face trap gen er a -
tion is com monly ac cepted to be as so ci ated with the
in ter me di ate pro cesses in volv ing the holes cap ture,
the re lease and the mi gra tion of hy dro gen ions in the
ox ide [14, 15]. With the re spect to the in flu ence of
these de fects on the charge car ri ers in the MOS tran sis -
tor chan nel, they can be di vided into fixed traps (FT)
and switch ing traps (ST) [16] or bor der traps. The FT
rep re sents the traps cre ated in the ox ide that do not
cap ture the car ri ers from the chan nel. The ST rep re -
sents the traps cre ated near and at the Si/SiO2 in ter face
and they do cap ture (com mu ni cate with) the car ri ers
from the chan nel within the elec tri cal mea sure ment
time frame. The ST cre ated in the ox ide near the
Si/SiO2 in ter face is called the slow switch ing traps
(SST), but the ST cre ated at the in ter face is called the
fast switch ing traps or the true in ter face traps [17].
The con tri bu tion of FT (DVFT ) and ST (DVST ) to
the to tal thresh old volt age shift DVT is [18]
D D DV V VT FT ST= + (1)
Both FT and ST con trib ute to the in crease in  DVT
for pMOS tran sis tors. On the other hand, the ar eal den -
sity of FT,  DNFT  and the ar eal den sity of ST,  DNST, of
ir ra di ated tran sis tors could be de ter mined as [18]
D D DN DN C
q
V C
q
VFT ox FT ST ox ST= =, (2)
where Cox  is the ca pac i tance per unit area and q the ab -
so lute value of elec tron charge.
The aim of this work was to in ves ti gate the sen si -
tiv ity of com mer cial p-chan nel power VDMOSFET to 
gamma-rays orig i nat ing from 60Co for ra di a tion dose
in the 10 to 100 Gy in ter val. The in flu ence of in duced
fixed and switch ing traps to the thresh old volt age shift
with out and with the gate bias dur ing the ir ra di a tion is
also an a lyzed.
EX PER I MEN TAL DE TAILS
The ex per i men tal sam ples were the com mer cial
p-chan nel power VDMOSFET, IRF9520, man u fac -
tured by the In ter na tional Rec ti fier en cap su lated in the
stan dard TO-220 cas ing. Ac cord ing to the cat a log
spec i fi ca tions, the drain to the source break down volt -
age VDSS is 100 V, the max i mum con duc tion re sis tance 
is 0.6 Ω and the max i mum drain cur rent at room tem -
per a ture is 6.8 A. The ad di tional test ing have proven
that the break down volt age and the con duc tion re sis -
tance match the cat a log data, and that the cor re spond -
ing chip size of 1.5 mm2 fur ther matches the spec i fied
cur rent. In ad di tion, the IRF9520 con sists of 1650
cells and the to tal ef fec tive area over epi p– layer is
11.61⋅10–3 cm2 and the nom i nal ox ide thick ness is 100
nm [19]. The ini tial thresh old volt age value of the vir -
gin de vices was VT0 ≈ –3.6 V. The two half-cells
cross-sec tion is pre sented in fig. 1. Note that the bulk
re gion is in ter nally con nected to the source re gion
over the com mon con tact.
The power VDMOSFET sam ples were ir ra di -
ated us ing the 60Co beam in the ab sorbed ra di a tion
dose range from 10 Gy to 100 Gy at the ab sorbed dose
rate 0.02 Gy(SiO2)s–1. The ir ra di a tion was per formed
in the Sec ond ary Stan dard Do sim e try Lab o ra tory of
Vinca In sti tute of Nu clear Sci ences, Bel grade, Ser bia.
All mea sure ments were con ducted in a cli mate con -
trolled en vi ron ment with an am bi ent tem per a ture of
20 ± 0.2 °C . The ir ra di a tion was con ducted for sam -
ples with out the gate bias (Virr = 0 V), i. e., all ter mi nals 
were short ened to gether and with the gate bias of Virr = 
5 V. In or der to mon i tor the prog ress of gamma beam
deg ra da tion, the ra di a tion was in ter rupted at some
point to mea sure the de vices sub-thresh old and the
trans fer char ac ter is tics in sat u ra tion us ing the Keithley 
model 4200 semi con duc tor char ac ter iza tion sys tem.
The sys tem is equipped with the three me dium power
source mea sur ing units. The units have four volt age
ranges: 200 mV, 2 V, 20 V, and 200 V, while the cur rent
ranges are 100 nA, 1 µA, 100 µA, 1 mA, 10 mA, and
100 mA. One of the source mea sur ing units is
equipped with pre-am pli fier which pro vides the mea -
sure ments of very low cur rents (or der of 1 pA).
The thresh old volt age shift was es ti mated at the
in ter sec tion be tween the VG axis and the ex trap o lated
lin ear re gion of the (ID)1/2 – VG curve (ID is the drain cur -
rent and VG is the gate volt age). The thresh old volt age
shift DVT can be ex pressed as DVT = VT – VT0, where VT0
is the thresh old volt age be fore the ir ra di a tion, and VT af -
ter the ir ra di a tion. The den si ties of ra di a tion-in duced
FT, DNFT and ST, DNST were de ter mined us ing the
midgap tech nique of McWhorter and Winokur [20].
This tech nique is based on the fact that the FT in flu -
ences the car ri ers in the chan nel by the elec tric field, and 
does not have the abil ity to cap ture them. The ST cap -
tures the car ri ers from the chan nel in the frame work of
subthreshold/trans fer char ac ter is tics mea sure ments,
and the ST in flu ence on the chan nel car ri ers by the elec -
tronic field is ne glected. In this way, the in flu ences of
FT and ST on the trans fer subthreshold char ac ter is tics
in sat u ra tion are in their par al lel shift and their slope
changes, re spec tively.
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Fig ure 1. Cross-section of power VDMOSFET
The ab so lute value of FST den sity (the ab so lute
value of the true in ter face trap den sity) can be de ter -
mined us ing the charge pump ing tech nique [21, 22].
The re sults per formed for RADFET have shown that
the FST den sity ob tained by this method is con sid er -
ably smaller than the one ob tained by the midgap tech -
nique [23]. This is due to a fact that the midgap
method, be sides the FST, can also reg is ter a part of
SST lo cated very closely to the Si/SiO2 in ter face. It
was also shown that the ST den sity is much smaller
than the FT den sity ob tained by the midgap tech nique.
On the ba sis of such RAFET be hav ior it was con -
cluded that the dom i nant im pact to DVT dur ing the ir ra -
di a tion is played by the in crease in the ox ide trapped
charge den sity (FT den sity).
RE SULTS AND DIS CUS SION 
The VDMOSFET IRF9520 trans fer char ac ter is -
tics in sat u ra tion be fore the ir ra di a tion (curve 0) and
af ter the ra di a tion dose D of 50 and 100 Gy (curves 1
and 2) for gate bias dur ing the ir ra di a tion Virr = 5 V are
shown in fig. 2. The fit ting of the up per part of (ID)1/2 –
VG char ac ter is tics, which are lin ear, gives the val ues of 
thresh old volt age VT0, VT1, and VT2 and these val ues
in crease with the in crease of D. The sim i lar be hav ior
of char ac ter is tics is ob served for Virr = 0 V.
Fig ures 3(a) and 3(b) dis play the de pend ence be -
tween the thresh old volt age shift (DVT) and the ra di a -
tion dose (D) for gate bias dur ing the ir ra di a tion Virr = 0 
V and Virr = 5 V, re spec tively. The con tri bu tions of
fixed traps to the thresh old volt age shift (DVFT) and the 
con tri bu tion of switch ing traps (DVST) to the to tal
thresh old volt age shift are pre sented in the same fig -
ures. It can be seen that the FT in flu ence on the thresh -
old volt age is pre dom i nant (DVFT/DVST > 95 %). It can
be con cluded that dur ing the ir ra di a tion, the IRF9520
shows sim i lar be hav ior as the RADFET [23], i. e., the
ST den sity makes an in sig nif i cant im pact to DVT
value.
In or der to es tab lish the pos si ble ap pli ca tion of
p-chan nel power VDMOSFET IRF9520 as the sen -
sors of ion iz ing ra di a tion, the ex per i men tal re sults,
DVT = f (D) are fit ted with three dif fer ent mod els. The
first one is a lin ear func tion, DVT = AD, where A is a
con stant. The sec ond model rep re sented is so called
the power law func tion, DVT = ADn where A and n are
the con stants. The third model is a stan dard ex po nen -
tial func tion, DVT = Ae–D/b + c, where A, b, and c are
con stants. The val ues of cor re la tion co ef fi cients for all 
three mod els for sam ples with out the gate bias and the
5 V gate bias dur ing the ir ra di a tion are pre sented in
tab. 1.
From the data pre sented in tab. 1 it can be as -
sumed that the power law func tion model is the best
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Fig ure 2. The trans fer char ac ter is tics in sat u ra tion be fore
and af ter the ir ra di a tion for 50 and 100 Gy doses. The VT0,
VT1, and VT2 rep re sent the thresh old volt age val ues be fore
and af ter the ir ra di a tion with 50 and 100 Gy, re spec tively;
the gate bias dur ing the ir ra di a tion Virr = 5 V
Fig ure 3(a). The con tri bu tion of FT (DVFT) and ST (DVST) 
to the to tal thresh old volt age shift (DVT) for ra di a tion
dose from 10 to 100 Gy, for gate bias dur ing the ir ra di a -
tion Virr = 0 V
Fig ure 3(b). The con tri bu tion of FT (DVFT) and ST (DVST) 
to the to tal thresh old volt age shift (DVT) for ra di a tion
dose from 10 to 100 Gy, for gate bias dur ing the ir ra di a -
tion Virr = 5 V
one for de scrib ing the ex per i men tal data. It can be also
con cluded that all three mod els very well de scribe the
ex per i men tal data for sam ples ir ra di ated with gate bias  
Virr = 5 V. In or der to ver ify the men tioned as sump tion,
the Akaike in for ma tion cri te rion test was per formed
on all of the three pro posed mod els. The Akaike in for -
ma tion cri te rion (AIC) is a mea sure of the rel a tive
qual ity of the sta tis ti cal mod els for a given set of data.
Given a col lec tion of mod els for the data, AIC es ti -
mates the qual ity of each model, rel a tive to each of the
other mod els. Hence, the AIC pro vides means for
model se lec tion.  The re sults of AIC test on all three
mod els are pre sented in tab. 2 both for sam ples ir ra di -
ated with 0 V and 5 V gate bias.
From the data pre sented in tab. 2 it can be con -
cluded that the pre vi ous as sump tions were cor rect,
and that the Power law model best de scribes the ex per -
i men tal data in both cases of gate bias. On the ba sis of
data from tab. 1, it can be con cluded that the IRF9520
can be im ple mented as the gamma ir ra di a tion sen sors.
Be cause the lin ear de pend ence is es tab lished be tween
the DVT and D, for sam ples with   gate bias dur ing the
ir ra di a tion, fig. 3(b), their sen si tiv ity, S = DVT/D is the
same in ra di a tion dose range from 10 to 100 Gy. This
makes them suit able for do sim e try ap pli ca tions. For
sam ples ir ra di ated with out the gate bias, the lin ear de -
pend ence can not be es tab lished, what makes their ap -
pli ca tion in do sim e try in ap pro pri ate due to the vari a -
tion in sen si tiv ity for dif fer ent ra di a tion doses range.
The com par i son be tween the DVT re sults for
VDMOSFET IRF9520 and RADFET with 100 nm gate 
ox ide thick ness [24] for 10 to 50 Gy dose in ter val show
that the VDMOSFET sen si tiv ity is some higher than the 
RADFET. This could be a con se quence of dif fer ent
tech nol o gies used for VDMOSFET and RADFET pro -
duc tion. This proves that the com mer cial VDMOSFET, 
with rel a tively low price, can be used as a re place ment
for RADFET, with the same ox ide thick ness in do sim e -
try in the dose range from 10 to 100 Gy.
Fig ures 4 and 5 pres ent the change in the ar eal
den sity of  FT,  DNFT and ST, DNST, re spec tively, for
Virr = 0 V and Virr = 5 V. As ex pected, the in crease in ra -
di a tion dose leads to the in crease in both DNFT and
DNST. Such  in crease  is  more in tense forVirr = 5 V than
for Virr = 0 V. It can also be seen that DNST is for about
or der of mag ni tude smaller than the DNFT, which
proves that the DNFT pre dom i nantly con trib utes to the
DVT in crease dur ing the ir ra di a tion. Con sid er ing this,
we will fo cus only on the de fects that lead to the cre -
ation of pos i tive trapped charge dur ing ir ra di a tion.
The model that ex plains the for ma tion of these de fects
is pro posed by Lelis and co work ers (HDL model)
[25-27]. A cru cial role in this model be longs to the
Eg' cen ter, which is a weak Si-Si bond in the ox ide
caused by an ox y gen atom va cancy be tween the two Si 
at oms, each back-bonded to three ox y gen at oms. The 
Eg' cen ter acts as a hole trap and it is pre dom i nantly re -
spon si ble for the in crease in pos i tive trapped charge
dur ing the ir ra di a tion. The Eg' cen ters are formed in the 
ox ide and near the Si/SiO2 in ter face. They rep re sent
the FT cen ters in the ox ide, while the cen ters near the
Si/SiO2 in ter face rep re sent the SST. For Virr = 0 V elec -
tric field in the ox ide is only due to the work func tion
dif fer ence be tween the gate and the sub strate (the
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Ta ble 1. Val ues of ad juster R-squared for Virr = 0 V
and Virr = 5 V
Model Ad justed R-squared Virr = 0 V
Ad justed R-squared
Virr = 5 V
Lin ear func tion 0.945 0.996
Power law func tion 0.979 0.998
Ex po nen tial func tion 0.975 0.997
Ta ble 2. AIC test re sults for Virr = 0 V and Virr = 5 V
Model AIC Virr = 0 V AIC Virr = 5 V
Lin ear func tion –82.297 –89.395
Power law func tion –90.316 –92.927
Ex po nen tial func tion –84.055 –83.807
Fig ure 4. The change in the ar eal den sity of fixed traps,
(DNFT) as a func tion of ra di a tion dose, (D), with out
(Virr = 0 V) and with the gate bias dur ing the ir ra di a tion
(Virr = 5 V)
Fig ure 5. The change in ar eal den sity of switch ing traps,
(DNST) as a func tion of ra di a tion dose, (D), with out
(Virr = 0 V) and with the gate bias dur ing the ir ra di a tion
(Virr = 5 V)
zero-bias con di tions is equal to the gate bias of 0.3 V),
so the prob a bil ity for the elec tron-hole re com bi na tion
is higher than in the case when Virr = 5 V. Namely, for 
Virr = 5 V the large num ber of holes will es cape the ini -
tial re com bi na tion, what fur ther in creases the prob a -
bil ity for their cap ture at the Eg' cen ters. This fur ther
leads to the in crease in the pos i tive charge in the ox ide
and the in ter face states. Such con clu sion is in agree -
ment with the re sults shown in fig. 4. 
CON CLU SIONS
In or der to ver ify the pos si ble ap pli ca tion of
com mer cial power VDMOSFET IRF9520 as gamma
ra di a tion sen sors, the thresh old volt age shift was mon -
i tored in the ra di a tion dose in ter val from 10 to 100 Gy.
In or der to con firm the pos si ble ap pli ca tion of
VDMOSFET in the do sim e try, three dif fer ent mod els
were used to es tab lish the de pend ence be tween the
thresh old volt age shift DVT and the ra di a tion dose D –
the lin ear func tion, the power law func tion and the ex -
po nen tial func tion. Based on the ad justed R-squared
val ues and the Akaike cri te ria, it was con cluded that
the power law func tion is the best for de scrib ing the
ex per i men tal data, i. e., ex po nen tial func tion and lin -
ear func tion are the least likely to be used in ex per i -
men tal data ver i fi ca tion. How ever, for prac ti cal ap pli -
ca tion, the lin ear func tion is the most im por tant. The
lin ear de pend ence be tween the thresh old volt age shift   
and the ra di a tion dose D when the gate bias dur ing the
ir ra di a tion was  shows that the sen si tiv ity is the same
for the whole con sid ered dose in ter val and hence, the
bi ased VDMOSFET can be used in dosimetric ap pli -
ca tions. Such be hav ior is the cru cial cri te ria for tran -
sis tor ap pli ca tion in the dosimetric ap pli ca tions. It was 
ver i fied that the sen si tiv ity of these com po nents is
higher than the spe cially de signed ra di a tion sen si tive
field ef fect tran sis tors (RADFET) sen si tiv ity, with the
100 nm gate ox ide thick ness, man u fac tured by the
Tyn dall Na tional In sti tute, Cork, Ire land [24]. Dur ing
the ir ra di a tion, sim i lar as for the RADFET, the dom i -
nant role in the thresh old volt age shift is played by the
pos i tive trapped charge, which den sity is in or der of
mag ni tude higher than the in ter face traps den sity.
Such be hav ior proves that the VDMOSFET IRF9520
can be used as sen sors of the gamma ra di a tion for dose
in ter val from 10 to 100 Gy.
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\or|e R. LAZAREVI], Nenad M. KARTALOVI]
EFEKTI  IZAZVANI  GAMA  ZRA^EWEM  ODGOVORNI  ZA  POMERAJ  NAPONA 
PRAGA  KOMERCIJALNIH P-KANALNIH  SNA@NIH  VDMOSFET  TRANZISTORA
Istra`ivan je pomeraj napona praga komercijalnih p-kanalnih sna`nih VDMOSFET-a
tokom ozra~ivawa gama zra~ewem u opsegu doza od 10 do 100 Gy. Ozra~ivawe je ura|eno bez prisustva
napona na gejtu kao i sa naponom na gejtu od 5 V. Pokazano je da postoji linearna zavisnost izme|u
pomeraja napona praga i absorbovane doze zra~ewa za komponente kod kojih je napon na gejtu tokom
ozra~ivawa iznosio 5 V. Gustine fiksnih i promenqivih centara zahvata su odre|ivane iz
potpragovskih I-V karakteristika kori{}ewem midgap tehnike. Pokazano je da se tokom
ozra~ivawa formira znatno ve}a gustina fiksnih centara zahvata. Tako|e su analizirani mogu}i
mehanizmi odgovorni za formirawe fiksnih i promenqivih centara zahvata tokom ozra~ivawa.
Kqu~ne re~i: VDMOSFET, gama zra~ewe, promena napona praga, apsorbovna doza
